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SOME TERMINOLOGY



Absorption v. Adsorphon

Absorption Adsorption
= Face=Solid Material

= Cake=Gas or Ligquid
= Sorption: Absorption & Adsorption




van der Waals
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Adsorption
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Why are Nanopores Imporiant?
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Large Surface Area

These sorbents have up to 3,000 m?/g
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Large Surface Area
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High Porosity

These sorbents have porosities up to 80 %




Thermodynamics

pressure
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NATURAL GAS & HYDROGEN
STORAGE



Motivation

Landfills
In Progress &

Biomass

(o)
D0 Methane

Currently Ci;iza i —— 10-20 Years

NG Internal
Next-Gen [EEFswrms I-Il:ylljderlogee”n Long-Term

Clean Vehicles Engine Goal




Natural Gas Vehicles Over Time

First NG vehicle 1910 (USA) with balloon
tank on trailer NG

vehicle
~1930
(France)
with
balloon
tank on !
roof 7 =

Current NG vehicle with high- Low-pressure. flat-panel
pressure tank in trunk ANGF;ank , flat-p

Future NG vehicle with low-
pressure tank in unused space




Prototype Tank

Natural gas
methane molecule

o

\, Future Tank

% Courtesy of the National Science Foundation, by Nicolle Rager Fuller



Best Volumetric Storage Capacity of MU

Carbon Powder
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140 ' 214
pressure for _ o=
flat tank: ~ 120 4 DO farge 190 VIV_ '“ - 184
- 35 bar (35 z 13 - 18
atm, 500 § 80 % - - L 122
Si o 3 e x5
Psig) T 60 < e L 92
= w/out 2 . W 25K 700 C - batch 1 (30 C - Hiden)
Odsorben_l__ '..q’:_s 40 glr\la(\;imetry (22 C) - 61
. E | .V _— |
150 bar E 20 CNG — | 31
. D O E -I-O rg e-l- 0 ! | ! | ! | ! | ! | ! | ! | ! | 0
] 0 5 10 15 20 25 30 35 40
capd CITy: Pressure (bar)
= 118 g/l

AW



Hydrogen Storage Systems

Hydrogen occupies a very large volume

Mg,NiH, LaNiH, H, (liquid) H, (200 bar)

Schlapbach & Zittel. Nature, 414 (2001) 353-358.

1 kg H, = 1 gal. gasoline equivalent




Langmuir Theory of Gas Sorption

1) Fixed number of sites o(p.T)=, X(T)P
, 0 1+ x(T)p
2) Monolayer adsorption 0<0<1

3) Energeftically
homogeneous

4) Interactions:
adsorbate-surface

Coverage, 6

=  NO adsorbate-
adsorbate Pressure (a.u.)




Localized or Mobile

Localized Mobile
: ¢
o(p T)=ZT)P
PO M
. ex‘{kaBBTMSnMGaSh;(kBTf a)exp[NE;TN s
Local (T) = ARB 87Mgas (KT
] 3 o o 2] ey
2kgT

= vy, Vy, V5. Vibrational = h:Planck’s constant

frequencies
= Eg: Binding energy
= Mggs: Mass of gas molecule
= N4: Avogadro's constant
= Kkg: Boltzmann's constant

= T. Temperature
= . cross-sectional area per

adsorption site



Localized v. Mobile

Theory Experiment
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CARBON CAPTURE




... The Greenhouse Effect

343 Watts per
m2

Some of the solar Outgoing solar
radiation is radiation: 103
reflected by the ~ Walls per m?
atmosphere and

the Earth's surface

Outgoing

Some of the Uigoln
infrared radiation 'r'; é?;ﬁons, -
passes through - 24
the atmosphere Watts per m
and out into space



Flue Gases




Flue Gases




Utilization of Captured CO,

Fuels Food
[-Algae ]
*Greenhouse Gases
Carbonated Beverages «Flavors/Fragrances
A‘ooa = § «Decaffeination
%% 21'A s
c™ S &
G, -o' > ‘{b
RS =18 < . Carbonates
v \,\1@0 Liquid
“\.\“e‘z Fuels
«Methanol
Enhanced Chemicals *Urea »
Fuel Recovery «CO Fertilizer
*Methane
e,
oy &
?\55\\ "9/;,0 Secondary
\°° 2, ¢ Chemicals
Polycarbonate & %, Refri g
Polymers Qé ¥ 3, -De ‘lgeratlon
S £|§ % (G
< oo )
& £l< %
Fire Extinguishers ] «Blanket Products *Injected into metal castings
«Protect Carbon Powder *Added to medical O, as a respiratory stimulant

«Shield Gasin Welding

Carbon Sequestration Program: Technology Program Plan, DOE, 2011.

*Aerosol can propellant
*Dry ice pellets used for sand blasting
*Red mud carbonation




CO, Capture

» 2030

A = Post-Combustion (existing, new PC)
& Post-Combustion (IGCC)
A Oxy-Combustion (new PC) -
= ' A Chemical

;;‘} CO, Compression (all) a Looping
V) " H and CO A 2" Generation
< = Membranes Oxyboiler
é &= Biological
% 1% Generation B 2 Generation @ Frocesses
o Physical Solvents
G Solvents (CCPI) - B Solid
2 @ Sorbents
o, B 1% Generation & Oxygen
e B Amine Chemical A Membranes
8 Solvents Solvents (CCPI)
“ | |@ Physical 3 Adv. CO

Solvents Compression
A Cryogenic (Ramgen)
& Oxygen
— 2010 2015 2020 2025
READY FOR DEMONSTRATION

DOE/NETL Carbon Dioxide Capture & Storage RD&D Roadmap, 2010.



Pressure, Vacuum & Thermal Swing Adsorption

25 °C
PSA

TSA
VSA 300 °C

Amount Adsorbed

Pressure (bar)



Desired Sample Characteristics

= High uptakes

= High selectivities
- CO, V. N,, O,, CO, CH,
= Robust

= [sotherm shape for capture process
= Vacuum swing adsorption

= Pressure swing adsorption
= Temperature swing adsorption



Zeolitic Imidazolate Frameworks

Banerjee, R., et al., Science, 2008. 319(5865): p. 939-943.
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LIFs: GME Topology

ZIF-78

g ™
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el

! ! lZIF-70
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B Zn(nlm (bim) ,W ’7} ﬁ%&} C
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Banerjee, R., et al., JACS, 2009. 131(11): p. 3875-3877.ce




LIFs: CO, Uptake

= High uptakes

70 | | |
60 - " ZIF-78 (@)
T q
- 0 ~PAER
G 50 | - - o[ZIF-69 (@
= O ZIF8l (e
& __s/“‘
5 40 | o oo ZIF-68 (®)—
= e O ZIF-79 (@)
E \J’*;’. .’ ‘: “
© 30 =
~ 28.% = - ZIF-70 (@)
~ @ a A carbon (@)
® —
g« T - i
D o PN s ZIF-78, CHg
gl g
- ZIF-78, N2
T O, O U T 3¢ Tb g g o * 3¢ 3® ¢ ZIF-78, Oy
O =AY o’ -
400 600 800

Pressure / Torr

Banerjee, R., et al., JACS, 2009. 131(11): p. 3875-3877.ce

1000



LIFs: CO, Selectivity

= High

selectivities
= Dipole moments
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Banerjee, R., et al., JACS, 2009. 131(11): p. 3875-3877.ce



Aside: Powder Diffraction

= Elastic scattering




Powder Diffraction of ZIF-69

= /IF-69 unit cell has 600 atoms

= Compare to graphite which has 4
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In situ Neuiron Diffraction

= CO,adsorbed in NaY Zeolite

Wong-Ng, W., Kaduk, J., Huang, Q., Espinal, L., Li, L., & Burress, J.
Crystal Structure of NaY Zeolite with Adsorbed CO2 by Neutron Powder
Diffraction. Microporous & Mesoporous Materials. Accepted.




Graphene Oxide Frameworks

R OH HO azeotropic R o
B removal of water B
+ MM R" IO > A\ R
R’ OH  HO 2 R’ O" Boronic-ester

Solvothermal
synthesis in

methanol at
80° C

-nH,0

Graphene-oxide (GO) + B14DBA

Burress, J.W., et al. Angewandte Chemie International Edition, 2010. 49(47): p. 8902-8904.



Interlayer Spacing
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Burress, J.W., et al. Angewandte Chemie International Edition, 2010. 49(47): p. 8902-8904.



GOF Structure Optimization

Burress, J.W., et al. Angewandte Chemie International Edition, 2010. 49(47): p. 8902-8904.



Aside: Prompt Gamma Activation Analysis

Nucleus

Product
Nucleus
Nucleus
Lower detection limits for 1 gram sample
0.01 ug-0.1 ug B, Cd, Sm, Gd
0.1 ug-1ug Eu, Hg
1 ng-10 pug H, Cl, In, Nd
10 ug - 100 ng Nag, S, K, Sc, Ti, V, Cr, Mn, Co, Ni, Cu,
Ge, As, Se, Br, Mo, Ag, Te, |, Au
100 ng -1 mg Mg, Al, Si, P, Ca, Fe, Zn, Ga, Rb, Sr, Y,
Lr, Nb, Sb, Ba, La
1 mg-10mg C.N,F,Sn,P



GOFs: Prompt Gamma Nevutron Activation
Analysis
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Burress, J.W., et al. Angewandte Chemie International Edition, 2010. 49(47): p. 8902-8904.



Aside: Inelastic Neuiron Scattering

= Neutron experiences change in energy

= Neutrons can have energy ~ thermal energy

= Therefore they can “see’ things with ~thermal
energy

Neutron Scattering A Primer. Roger Pynn



GOFs: Inelastic Neutron Spectroscopy
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Burress, J.W., et al. Angewandte Chemie International Edition, 2010. 49(47): p. 8902-8904.



GOFs: CO, Uptake

= High binding

energy | -
16 m 270K
. ML
N JD ° 290K
= Lower than S12F o O° s A
2 | n & oa 310K
expected uptake o [m¢ ,a
S 8lae o
4 .
~ [e& ’_8\30."“'“”‘».‘
% 3 20|
= Increase surface =
. %3 6 9 12
ared CO, wt.%

Burress, J.W., et al. Angewandte Chemie International Edition, 2010. 49(47): p. 8902-8904.






